trial. These results may provide insights into the role of plasticity in the structure of cortical receptive fields.
and a large fraction (44%, t test, p Ͻ 0.05) of cells were While there have been studies of experience-dependent significantly negatively skewed. changes in the size and specificity of cortical maps All of the results were quantified using an additional (Wang et al., 1995) and hippocampal receptive fields measure that is relatively insensitive to the instanta-(Mehta et al., 1997) and of the effect of change in the neous location or speed of the rat, viz., the firing rate geometry of environment on place field dimensions asymmetry index (FRAI) (see Experimental Procedures). (O'Keefe and Burgess, 1996), little has been done to Figure 2c shows that a majority (78%) of place fields investigate the shape of a receptive field and its depenhad a negative FRAI (population mean ϭ Ϫ0.15 Ϯ 0.016), dence on experience. In this work, we show that the i.e., during a single pass, the mean firing rate for the hippocampal receptive fields have an asymmetric shape second half of spikes within a place field was 35% Ϯ and that this asymmetry is experience dependent. These 3% higher than that for the first 50% of spikes. These results suggest that the amount of short-term familiarity asymmetric place fields were distributed over the entire with a sequence of events may be encoded in the extent of both the rectangular and linear tracks (Figure skewness of the receptive fields. These results are 1); hence, the asymmetric shape is not a result of the compatible with and extend previous experimental track shape. Indeed, the distribution of occupancies in (Mehta et al., 1997) and theoretical (Levy, 1989 ; Blum the place field had no significant skewness, and the behavioral asymmetry index (BAI) (similar to FRAI) was explained by parameters such as the track shape, the rat through the place field) shift in the location of the center of mass of the place fields by 8.2 cm were oblocation of the place fields on the tracks, the behavior of the rat through the place fields, or a change in the served. Further, the location of the peak of the place field shifted backward by 5.5 cm, and the first spike in rat's behavior with time.
One possible mechanism for such an asymmetry is the place field occurred 9.2 cm earlier, whereas the last spike in the place field occurred 6.5 cm earlier. This the experience-dependent modification of inputs into CA1 cells. To characterize change in field shape with resulted in an experience-dependent widening of place fields by 7.9 cm (Table 1; see Experimental Procedures) . experience, the population-averaged skewness was computed as a function of the number of laps run by These changes in place field size and location were an order of magnitude less than the changes in place field the animals during the session. The population of place fields had no significant mean asymmetry at the beginshape (Table 1) . The amount of shift in the center of the place field ning of a session (Figures 3a-3c ; Table 1 ), but they rapidly became highly negatively skewed with experience.
reported here is much larger than that reported in previous work (Mehta et al., 1997) . One reason for this differSimilar results were true for the FRAI (Figure 3d ). Thus, there was a dramatic (Ͼ300%) change in the shape of ence could be that the length of the tracks traversed by the rats in the present experiments was more than twice the place fields with experience. This was not merely a result of an increase in the asymmetry of already skewed as large as that of the tracks used in the previous work. The larger tracks may allow place fields to grow much place fields, because even the ratio of the number of neurons with a negative skewness to those with a posimore before they encounter a goal location or the end of the track. tive asymmetry almost doubled with experience.
In previous work (Mehta et al., 1997), which did not exIt is important to note that skewness and FRAI are independent of the location of the center of mass and amine place field shape, experience-dependent changes in place field location and firing rate were reported. the size of place fields. A change in skewness (which is the third moment of the firing rate distribution) could These results were confirmed in the present study, in which a 51% increase in the place field size (from 426 result in an increase in the place field size (the zeroth moment of the firing rate distribution) and a backward to 643 cm ϫ Hz) and a predictive or backward (i.e., in a direction opposite to the direction of movement of the shift in the place field center (the first moment of the distribution) (Mehta et al., 1997) , but the converse is not true. The previous work (Mehta et al., 1997) implicitly assumed that the place field shape did not change with experience and hence measured the change in population-averaged place field center, which could come about due to a change in shape. Indeed, the experiencedependent change in shape (skewness and FRAI) was an order of magnitude larger than the changes in all of the other parameters (Table 1) . Thus, a change in shape with experience appears to be the dominant characteristic of experience-dependent changes in place field and may account for the previous finding of changes in place field center. If these changes in shape were indeed experience dependent rather than time dependent, a change in the structure of the inputs or context should reset the skewness. To test this hypothesis, rats were allowed to run consecutively on two different tracks (Figure 1a) , and a subset of cells (20 of 141) that were active in both environments was examined. While the place fields became asymptotically more negatively skewed with experience in the first familiar environment, the skewness was reset to more symmetric values when the rat entered the second familiar environment (Figure 3e ), followed by a renewed asymmetrization of these place fields with experience in the second environment. Further, these changes occurred each day in a familiar environment. Therefore, the skewness is correlated with the amount of experience, or familiarity, on a given day with the environment and hence may serve as the neural that the observed field shape may reflect the asymmetric the pre-and postsynaptic neuronal spike times. It is known that pyramidal neurons in CA1 receive excitatory nature of inputs to the CA1 cells. In particular, since the input is weaker at the beginning than at the end of inputs from pyramidal neurons in CA3, which also exhibit place-specific firing. LTP of these CA3→CA1 connecthe field, skewness would be more correlated with the location of the first spike than with that of the last spike tions has been shown to be NMDA dependent.
To examine the effect of NMDA-dependent plasticity (Figure 3f Figures 4a and 4c) . Further, the afferent CA3 cells with place field centers far from the CA1 place LTP curve. Further, the amount of LTP/LTD is inversely related to the absolute value of the time lag between field center would on an average fire much earlier than All of the changes were highly significant (p Ͻ 0.01). Place field width was defined as the distance between the first and the last spikes in the field during a pass (see Experimental Procedures). The mean width was computed by averaging the width over each pass over all of the place fields. The location of the center of a place field in a given lap was measured with respect to the overall place field center. Hence, the mean value of the place field center is zero. The percentage change in the center of the field was computed by comparing the change in the place field center with the average place field width; likewise for the locations of the first and last spikes in the place field and for the location of place field peak. The largest experience-dependent changes thus occurred in the place field skewness and FRAI. These changes in shape were about an order of magnitude larger than all of the other experience-dependent changes, such as those in the place field width or the center.
the CA1 cell, resulting in a smaller amount of strengthenincrease in the place field size, (3) a backward or predictive shift in the place field center and place field peak ing of the corresponding CA3→CA1 synapses than of the synapses from the CA3 cells with place field centers location, (4) a predictive shift in the location of the first spike in the place field, and (5) the same for the location closer to the CA1 place field. Thus, on an average, the amount of strengthening is inversely related to the disof the last spike in the place field. Further, we have shown that (6) the skewness is more correlated with tance between the afferent CA3 and CA1 place fields. On the other hand, synapses from those CA3 neurons spatial than with temporal parameters, (7) the skewness and the place field sizes are reset when the rat is moved with place fields that follow a CA1 place field would be weakened due to LTD. Thus, after "experience," the to a second familiar track, and (8) the fluctuations in skewness are uncorrelated with the fluctuations in the place field begins earlier due to LTP of the synapses from cells that are activated before the CA1 cell (Figure activity-dependent parameters, such as the firing rate or the total number of spikes per lap. 4e), and it terminates earlier due to LTD of the synapses from the cells that are activated after the CA1 cell. ThereThese results cannot be explained by any simple "adaptation" phenomena. For example, synapse-specific fore, the CA3→CA1 synaptic strengths as a function of location would come to reflect the temporal asymmetry but short-term mechanisms, such as synaptic depression or facilitation, cannot account for these results beof the underlying LTP curve (Figure 4a) . As a result, when the rat enters a CA1 place field, the neuron would be cause under most conditions, synaptic depression should result in a reduced firing rate or place field size driven by relatively weak synapses. As the rat moves further into the place field, the neuron would be driven and a positive skewness. While synaptic facilitation could increase the place field size, it is not evident how by synapses with monotonically increasing strength until the very end of the place field, where the strength of facilitation can explain the backward shift of both the first and the last spikes in the place field. the input would drop off relatively abruptly (Figures 4a  and 4c ), resulting in a negatively skewed place field All of these results summarized above, including the time course over which these changes occur, are accu- (Figures 4b and 4d) . Hence, the place fields would become more negatively skewed with experience (Figures rately captured by a simple computational model based on one hypothesis: rapid, NMDA-dependent, temporally 4b and 4d). The model also reproduces the observed (Figures 3a and 3b) field size, location, and shape can be explained by a purely feed forward network, which relates most directly An experience-dependent negative skewness might also be obtained by changes of the recurrent synapses with the architecture of the area CA1, from which our data were obtained. Second, it shows that the amount within CA3. Indeed, previous theoretical work has suggested that place fields should shift in a predictive fashof LTP/LTD is large enough to overcome the forces of adaptation and results in a net negative skewness that ion with experience (Levy, 1989) and that the CA3 synaptic matrix should be asymmetric (Tsodyks et al., 1996) . reflects the temporal asymmetry of the underlying LTP curve. Third, the time course over which the skewness The effect of temporally asymmetric LTP on the recurrent network in CA3 was modeled by Blum and Abbott changes (approximately five laps) is similar in both the data and the model. Also, the model accurately captures (1996) Figure 4) . Therefore, the model shows that information about a posed to explain phase precession. These models were based on, and assumed the existence of, asymmetric sequence of locations can be stored in a purely feed forward network. While the data presented here do not recurrent connections within CA3 (Jensen and Lisman, 1996; Tsodyks et al., 1996; Wallenstein and Hasselmo, demonstrate an explicit dependence of CA1 firing on the sequence of past locations, the model does offer a 1997). They assume that the phase precession in CA1 occurs due to a passive propagation of these phenompotential mechanism for the establishment of such a dependency. Finally the model shows that due to LTP ena in CA3. Contrary to this, the mechanism proposed here is based on the asymmetric firing of CA1 cells, in a feed forward network, the receptive fields of downstream neurons would be wider than those of the afferwhich could arise due to asymmetric feed forward connections from CA3 to CA1 (Figure 4) . Thus, an increasing ent upstream neurons (Figures 3 and 4; Table 1 ). Indeed, the subicular place fields are wider than are the afferent firing rate with distance is the key ingredient that could directly result in a reduction in phase, or equivalently, CA1 place fields, which in turn are wider than are the upstream CA3 place fields ( 
